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We present a new model for quantifying the effects of changes in supply and demand on the 26 
scarcity value of ecosystem services under land-use change. We demonstrate its application by 27 
assessing the impact of rapid urbanization in the Guangzhou-Foshan Metropolitan Area (GFMA) 28 
in southern China from 1990 to 2010. Supply and demand curves were developed for both 29 
private-good and public-good ecosystem services based on published price elasticities. Change in 30 
ecosystem services supply was calculated using a well-established unit-value transfer method 31 
and change in demand was calculated as a function of population, wealth, and income elasticity. 32 
Naïve assessment (i.e. ignoring supply and demand effects on scarcity value) found a small (-33 
4.4%) decrease in the value of physical supply of ecosystem services from US$4.631 billion in 34 
1990 to US$4.430 billion in 2010. When the effects of changes in supply and demand were 35 
considered, the scarcity value of ecosystem services increased dramatically to US$33.774 billion 36 
(+629%) in 2010 driven by a strong increase in demand especially for public-good type services 37 
with poor substitutes, combined with a slightly reduced supply. A renewed focus on land-use 38 
planning to ensure the sustainability of increasingly valuable ecosystem services for the 39 
wellbeing of burgeoning urban populations.  40 
Keywords: Ecosystem services; supply; demand; land-use change; value; mapping; urbanization; 41 
scarcity.  42 
1 Introduction 43 
Land-use change substantially alters the supply of ecosystem services with consequent impacts 44 
on human wellbeing (Deng et al., 2013; Millennium Ecosystem Assessment, 2005; Quintas-45 
Soriano et al., 2016; Zhan, 2015). Valuation of ecosystem services in monetary terms provides an 46 
integrated, universal measure for evaluating and communicating the impacts of land-use change, 47 
and for justifying, prioritizing, and targeting investment in conservation and management 48 
(Gomez-Baggethun and Barton, 2013; TEEB, 2010). Assessments of the impacts of land-use 49 
change on ecosystem services value have overwhelmingly focused on valuing changes in the 50 
physical supply of ecosystem services (Haase et al., 2014; Jiang, 2017; Schägner et al., 2013). 51 
Change in physical supply has typically been assessed either by using land-use dynamics as a 52 
proxy for the spatial distribution of ecosystem-service-producing units (Costanza et al., 2014; 53 
Schmidt et al., 2016; Song and Deng, 2017), or by directly modelling the production of 54 
3 
ecosystem services themselves (Bateman et al., 2013; Maes et al., 2012). The per-unit value of 55 
ecosystem services supply has been quantified using a variety of methods and is typically held 56 
constant over time to isolate the value of changes in physical supply (TEEB, 2010). However, 57 
beyond supply changes, the value of goods and services is affected by simultaneous changes in 58 
supply and demand via their effect on unmet demand and relative scarcity (Batabyal et al., 2003; 59 
Krautkraemer, 2005; Mankiw, 2018). The effects of supply and demand dynamics on the scarcity 60 
value—the value something has because it is rare and there is a large demand for it—of 61 
ecosystem services may be significant . Quantifying these effects is essential for providing a 62 
more complete picture of the impacts of land-use change on the value of ecosystem services to 63 
humanity and for guiding sustainable land-use planning. 64 
The strongest effects on ecosystem services scarcity value occur in landscapes that are subject to 65 
significant supply-side and demand-side dynamics such as in rapidly urbanizing areas. The 66 
global human rush to cities (Seto et al., 2013; Seto et al., 2016) is resulting in the widespread 67 
conversion of adjacent land, such as forestland and cropland, to urban development (Estoque and 68 
Murayama, 2016; Güneralp and Seto, 2013; Poelmans and Van Rompaey, 2010) with a 69 
corresponding reduction in the physical supply of ecosystem services (Elmqvist et al., 2013). 70 
China, in particular, has been pushing the global frontier of urbanization since the 1978 Reform 71 
and Opening policy (Yao et al., 2014; Zhang et al., 2016) and urbanization has had major impacts 72 
on ecosystem services since this time (Li et al., 2016; Song and Deng, 2017; Xie et al., 2017). 73 
Several assessments of Chinese cities have reported declines in the value of ecosystem services 74 
supply following urban expansion (Li et al., 2010; Liu et al., 2012; Long et al., 2014; Su et al., 75 
2014; Wu et al., 2013; Ye et al., 2018). However, urban regions are also important loci of 76 
ecosystem services demand (Baro et al., 2016; Haase et al., 2014; Kroll et al., 2012). Growing 77 
cities support more and more beneficiaries of ecosystem services (Eigenbrod et al., 2011), often 78 
with each beneficiary becoming wealthier and increasingly willing to pay for ecosystem services 79 
following socio-economic development (Yahdjian et al., 2015). Thus, while urbanization may 80 
decrease the physical supply of ecosystem services, when the impact of changes in supply and 81 
demand on the per-unit scarcity value of ecosystem services is considered, it is possible that the 82 
total scarcity value of these services will increase (Batabyal et al., 2003; TEEB, 2010; 83 
Villamagna et al., 2013; Zank et al., 2016).  84 
Characterizing the full supply chain of benefits from natural capital through to human well-being 85 
is a very active recent endeavor but no generally-accepted frameworks, methods, or indicators 86 
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yet exist (Brunner et al., 2016; Kroll et al., 2012; Larondelle and Lauf, 2016). Conceptualization 87 
of demand for ecosystem services, traditionally quantified as beneficiaries’ willingness-to-pay 88 
(TEEB, 2010), has been recently broadened to incorporate risk reduction, preferences and values, 89 
direct use, and consumption (Wolff et al., 2015) measured using diverse indicators such as 90 
population, social preferences, and monetary value (Baró et al., 2015; Caparros et al., 2017; 91 
Eigenbrod et al., 2011; Hynes et al., 2017; Pena et al., 2015; Raymond et al., 2009; Wolff et al., 92 
2017). Recent studies have illuminated additional nuance in the supply chain of nature’s benefits, 93 
quantifying the capacity, pressure, demand, and flow of ecosystem services (Burkhard et al., 94 
2012; Schulp et al., 2014; Villamagna et al., 2013). These characteristics have been quantified 95 
and mapped for supporting planning and policy decisions for managing the unsustainable use of 96 
ecosystem services, and for comparing spatially-explicit scenarios of ecosystem services demand 97 
and supply to predict future unmet societal demand for ecosystem services (Bagstad et al., 2014; 98 
Baro et al., 2016; Brunner et al., 2016; Burkhard et al., 2012; Castro et al., 2014; Eigenbrod et 99 
al., 2011; Goldenberg et al., 2017; Kroll et al., 2012; Morri et al., 2014; Nedkov and Burkhard, 100 
2012; Sturck et al., 2014; Sturck et al., 2015; Sutton, 2014; Verhagen et al., 2017; Vigl et al., 101 
2017; Yahdjian et al., 2015; Zank et al., 2016). One popular approach involves comparing the 102 
availability of land required to meet local demand for provisioning-type ecosystem services like 103 
food/fibre relative to local land supply (Sutton et al., 2016). However, no ecosystem services 104 
studies have assessed the impact of changes in supply and demand on scarcity value. 105 
For private-good, provisioning-type ecosystem services such as food, scarcity can often be 106 
mitigated via other inputs (Barnett and Morse, 1963; Batabyal et al., 2003). For example, distant 107 
land and man-made inputs can be substituted for local land to produce the final demand for 108 
agricultural production at little extra cost. Markets usually exist for these types of services and 109 
prices can be readily observed. There is a significant tradition in economics of assessing how 110 
prices and land scarcity values change with shifts in land supply, productivity of substitute 111 
inputs, and demand shifts driven by population and wealth (Krautkraemer, 2005; Tahvonen, 112 
2000). Comprehensive studies dating back to Barnett and Morse (1963) show little increase in 113 
scarcity value for most private-good ecosystem services as technological progress driven by 114 
research and development allows increasing production via substitution of man-made inputs, 115 
even with degrading ecosystems. In contrast, public-good type ecosystem services such as the 116 
amenity value of open space, cannot easily be substituted by distant natural capital or other forms 117 
of capital such as man-made inputs (Batabyal et al., 2003; Sandhu et al., 2016). As predicted 118 
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conceptually as early as Krutilla (1967), the scarcity value of what is essentially unmet demand 119 
for these ecosystem services can become very large as the services become increasingly rare 120 
relative to the quantity demanded (Batabyal et al., 2003; TEEB, 2010; Villamagna et al., 2013; 121 
Zank et al., 2016). Empirical work confirms that the scarcity value of public-good-type 122 
ecosystem services in cities can become large as demand increases and supply is limited. For 123 
example, Sutton and Anderson (2016) estimated that New Yorkers value Central Park at over $70 124 
million ha-1 yr-1, a lower-bound estimate based on real-estate value. However, because public-125 
good-type ecosystem services are not normally traded in markets, they don’t provide readily 126 
observable scarcity price signals. Consequently, the economics literature is also devoid of 127 
assessments of how diminishing supply and growing demand influences scarcity value for these 128 
services.  129 
Here, we present a broadly applicable model for quantifying the impact of land-use change on 130 
the scarcity value of ecosystem services in response to dynamics in supply and demand. We 131 
applied the model in assessing the impact of rapid urbanization on land-use and ecosystem 132 
services scarcity value from 1990 to 2010 in the rapidly urbanizing Guangzhou-Foshan 133 
Metropolitan Area (GFMA) in southern China. We first quantified the naïve value of supply of 134 
ecosystem services (i.e. ignoring influence of changing supply and demand on scarcity value) for 135 
1990, 2000, and 2010 using the widely used unit-value benefits transfer method (Costanza et al., 136 
1997; Xie et al., 2003; Xie et al., 2008) based on satellite-derived land-use maps and a matrix of 137 
value coefficients for nine ecosystem services from seven land-uses tailored to the GFMA. We 138 
then quantified the scarcity value of ecosystem services for 2000 and 2010 considering the 139 
influence of changing supply and demand from 1990. Price-elasticities of supply and demand 140 
were differentiated for public-good and private-good type ecosystem services, and the change in 141 
demand was calculated as a function of changes in population, wealth, and the income elasticity 142 
of demand for ecosystem services. Six valuation scenarios were calculated to unpack the 143 
individual and combined effects of supply and demand dynamics on scarcity value versus a naïve 144 
assessment of value, and to understand the impact of uncertainty in price-elasticity specification. 145 
We describe the implications of considering the effects of changes in supply and demand for 146 
ecosystem services scarcity value on land-use planning under rapid urbanization in China and 147 
more broadly.  148 
2 Methods 149 
6 
2.1 Conceptual framework 
We used an economic conceptualization where simultaneous changes in supply and demand 
influence the value of ecosystem services via their effect on relative scarcity (Figure 1). 
Assuming downward-sloping demand and upward-sloping supply, reduced supply and rising 
demand increase the scarcity value which is reflected in the market price for private-good 
ecosystem services but for public-goods this effect is implicit and unobserved and reflected as 
unmet demand. In the context of rapid urbanization, reduced ecosystem services supply is driven 
by changes in land-use, in particular the conversion of high service-providing areas, such as 
forests, cropland, and water bodies, to built-up areas (Elmqvist et al., 2013; Haase et al., 2014). 
Conversely, increased demand is driven by increases in population and wealth, and changes in 
spending preferences (Wolff et al., 2017; Zank et al., 2016). However, the effect of changes in 
supply and demand on value depends on the type of ecosystem service (Geijzendorffer and 
Roche, 2014). To capture these effects, we classified ecosystem services broadly as either private 
or public goods (Costanza et al., 1997) and distinguish differential effects of supply and demand 
on scarcity value (Figure 1).  
Private-good type ecosystem services are typically provisioning services such as agricultural 
products, fresh water, and raw materials. Often priced in markets, these services are rival in 
consumption such that consumption by one person precludes consumption by others, and 
beneficiaries can be more easily excluded. Demand for these types of ecosystem services is 
typically more steeply sloping, or inelastic (i.e. price elasticity of demand < 1). Additional 
demand for these services is usually satisfied via supply chain adaptation (Liu et al., 2016), with 
multiple autonomous adjustments by suppliers responding independently to price signals, 
without leading to large increases in price. For example, additional food and timber demand can 
be readily met through imports (Palacios-Agundez et al., 2015), and water quality services of 
wetlands can be replaced with technological solutions such as water treatment (Gomez-
Baggethun and Barton, 2013). Here, extra demand aggregates horizontally such that, for the 
same price, a greater quantity is demanded. Further, the price elasticity of supply for private-
good ecosystem services is more gently sloping, or elastic (i.e. price elasticity of supply >1), 
indicating that changes in demand can be met without a large price-rise. Changes in supply—
usually reductions in the case of rapid urbanization—involve a horizontal shift of the supply 
curve to the left both for private and public goods, consistent with a non-price-determined fall in 
supply (Figure 1). 
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Public-good ecosystem services from land, such as many cultural and biodiversity services, are 
non-rival in consumption and beneficiaries are more difficult to exclude. For example, save for 
the effects of congestion or ecosystem degradation from overuse, the use of a park or the 
enjoyment of clean air by one person does not typically preclude its use by others. Due to market 
failure these services are not usually priced or traded without deliberate policy intervention. 
Hence, additional demand doesn’t produce price-incentive signals that lead to autonomous 
supply-chain adaptation, and demand tends to be elastic (>1). For example, local residents can 
elect to recreate in nature further afield but at an additional cost, and distant environments cannot 
usually replace the function of local endemic species, ecosystems, and abiotic environments 
(Gomez-Baggethun and Barton, 2013). As the value of public-good ecosystem services accrues 
to more beneficiaries, additional demand increases the scarcity value of the service, and demand 
aggregates vertically. The lack of market signals for private provision means that without policy 
intervention, the price elasticity of supply is highly inelastic (<1) (Costanza et al., 1997; Serafy, 
1998) indicating that supply is relatively (often completely) unresponsive to changes in demand. 
While different land-management and land-use arrangements may alter the supply of ecosystem 
services from land (Bryan et al., 2015; Bryan et al., 2014), the availability of land and the 
services that flow from its use are still ultimately finite (Figure 1).  
  150 
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Figure 1. Conceptual diagram of the effects on scarcity value (represented here as Price) of 
public-good and private-good ecosystem services of a 100% decrease in supply and a 100% 
increase in demand, given their differing price elasticities. P* and Q* are the initial equilibrium 
price and quantity at t0 (i.e. 1990). pS is the per-unit ecosystem services scarcity value (or price) 
at t1 (i.e. 2000, 2010) given a change in supply only, holding demand constant. pD is the scarcity 
value given a change in demand only, holding supply constant. pS + pD is the scarcity value given 
a simultaneous change in both supply and demand. eS and eD are the elasticities of supply and 
demand, respectively. The red arrow represents a 100% horizontal decrease in supply and the 
green arrow represents a 100% increase in demand which is horizontal for private-good and 
vertical for public-good type ecosystem services. [Recommended size: 2/3 page width] 
2.2 Study area 
Guangzhou, the largest city and capital of Guangdong Province, is the political, economic, and 
cultural hub of southern China. Foshan, connected to Guangzhou to the southwest, is the third 
largest city in Guangdong Province. Guangzhou, Foshan, and their immediate hinterland 
constitute the GFMA. The GFMA covers approximately 11,178 km2 and is situated in the central 
Pearl River Delta, adjacent to the South China Sea, Hong Kong, and Macao. With a humid 
subtropical monsoon climate, the GFMA is one of the most productive economic areas in China 
(Figure 2). The GFMA experienced rapid growth and economic development following the 
Reform and Open Policy in China in 1978 with its urban population increasing from 6.7 million 
in 1990 to 12.17 million in 2010 (+93.7%). The gross domestic product (GDP) of the GFMA 
increased over 13-fold from US$16.6 billion in 1990 to US$242.26 billion in 2010 (adjusted to 
2010 dollars) (Statistics Bureau of Guangdong Province, 1991-2011).  
9 
Figure 2. Location map of Guangzhou–Foshan Metropolitan Area, southern China. 
[Recommended size: full page width] 
2.3 Land-use change  
Maps of seven classes of land-use (Table 1; Figure 3) extracted from 30m resolution Landsat 151 
Thematic Mapper images for 13 October 1990, 7 November 2000, and 30 December 2010 were 152 
used to identify land-use change over time in the GFMA (Ye et al., 2018). 153 
Table 1. Definition of land-use types. 
Land-use Description 
Cropland Mainly rice paddy; dry land and irrigated crops including vegetables, soybean, sugarcane, peanut, 
cassava, and melon-fruits 
Forestland Evergreen broad-leaf forest including land under Natural Reserve and Forest Park protection, forest 
along roads and railways 
Orchard Intensive fruit and other Crop production including citrus, bananas, lychees and longans, tea and 
mulberry 
Waterbody Rivers, streams, lakes, reservoirs and fish ponds culturing fish, shrimps, prawns, crabs, and shell-fish 
Grassland Natural grass land and constructed grass land and meadow  
Built-up Land used for industrial, commercial, residential, and transportation uses 
Unused Lands unused or difficult to use, mainly includes the intertidal zone between flood and normal water 
level of rivers and lakes  
10 
 154 
Figure 3. Spatial distribution of land-use in the GFMA for 1990, 2000, and 2010 (Ye et al., 
2018). [Recommended size: 1 column width] 
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Between 1990 and 2010, Cropland experienced the greatest decrease in area (1,896 km2, -155 
59.8%), followed by Forestland (-655 km2，-16.2%). Built-up showed the greatest increase 156 
(1,142 km2，+64.2%), followed by Orchard (659 km2，+110.2%) and Waterbody (653 km2，157 
+42.7%) (Figure 4). Most converted Cropland went to Built-up, Waterbody, and Orchard whereas 158 
the lost Forestland was converted primarily to Orchard and Built-up. New Waterbody areas were 159 
mainly fish ponds dug from Cropland (Ye et al., 2018).  160 
 161 
 162 
Figure 4. Area of land-use in the GFMA for 1990, 2000, and 2010 (Ye et al., 2018). 
[Recommended size: 1 column width] 
2.4 Changes in the value of physical supply of ecosystem services  
Value calculations were focused on nine ecosystem services following the definition of (TEEB, 163 
2010) and Xie et al. (2003) (Table 2). 164 
Table 2.  Brief description of the nine ecosystem services assessed in this study. 
Ecosystem service Brief description 
Food production  Food production from managed agro-ecosystems, forest and freshwater systems. 
Raw material Materials for construction and fuel, oils and wood. 
Air quality Maintenance of air quality by removing pollutants from the atmosphere. 
Climate regulation Climate change mitigation via storing carbon in biomass and in soils. 
Water supply Fresh water provision, regulation and purification. 
Waste treatment Filtration of both human and animal waste products.  
Soil retention Prevention of soil erosion and mitigation of land degradation. 
Biodiversity services Pollination, seed dispersal, pest and disease control, habitat maintenance and other benefits. 
Recreation and culture Recreational, aesthetic, scientific, educational, spiritual, psychological and other benefits.  
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We assigned economic value to each of the nine ecosystem services using the unit-value benefits 165 
transfer method widely used to value the ecosystem services impacts of land-use change in China 166 
(Hu et al., 2013; Li et al., 2016; Li and Ding, 2017; Li et al., 2010; Liang et al., 2017; Liu et al., 167 
2012; Song and Deng, 2017; Wu et al., 2013). The method is based on the per-unit global 168 
ecosystem services values of Costanza et al. (1997) and adapted for China by Xie et al. (2003, 169 
2008). The value coefficients represent the average relative value of each of the nine ecosystem 170 
services produced by the seven major land-use types adapted to the GFMA. We then further 171 
tailored the value coefficients to the high-productivity environment of the GFMA and assigned 172 
per-unit dollar values to ecosystem services attributable to natural capital (Jones et al., 2016) 173 
from each land-use in the GFMA using the reference marketed service value of Food production 174 
from Cropland (Table 3) (Ye et al., 2018). 175 
Table 3. Locally-adapted per-unit ecosystem services value coefficients ( ,s kVC ) for the GFMA 
(2010 US$ ha-1). 
Ecosystem service Cropland Orchard  Forestland Waterbody Grassland Unused Built-up 
Food production  307.71 443.98 72.53 116.49 94.51 4.40 2.20 
Raw material 120.88 345.07 663.77 76.93 79.12 8.79 0.00 
Air quality 221.99 602.22 962.68 112.09 329.69 13.19 -531.89 
Climate regulation 298.91 582.44 907.73 452.77 342.87 28.57 0.00 
Water supply 237.37 580.25 912.13 4125.46 334.08 15.39 -1650.62 
Waste treatment 428.59 314.30 384.63 3263.88 290.12 57.15 -540.68 
Soil retention 452.77 646.18 896.74 90.11 492.33 37.36 4.40 
Biodiversity services 314.30 659.37 1006.64 753.88 411.01 87.92 74.73 
Recreation and culture 52.75 305.51 463.76 975.87 191.22 52.75 2.20 
Total 2435.27 4479.32 6270.61 9967.48 2564.95 305.52 -2639.66 
2.5 Model description 
2.5.1 Effects of supply and demand dynamics on scarcity value 
To quantify the change in ecosystem services scarcity value, we begin with the assumption that 176 
in t0 the price of ecosystem services as calculated via the unit-value benefits transfer 177 
methodology (Table 3) (Ye et al., 2018) represents the 1990 equilibrium point of supply and 178 
demand. Simultaneous change in supply and demand over time changes the per-unit scarcity 179 
value of ecosystem services represented here as price (Figure 1). To calculate the relative change 180 
in scarcity value for a simultaneous change in supply and demand, we scaled the quantity 181 
13 
demanded and supplied Q* and the price P* at the 1990 equilibrium point to both equal 1.  182 
Consider a downward-sloping demand curve: 183 
D D Dq e pα= −   1 
where αD is the intercept and the quantity demanded increases linearly with decreases in price p 184 
and price elasticity of demand eD. Also, consider an upward-sloping supply curve: 185 
S S Sq e pα= +  2 
where the quantity supplied qS increases linearly with price pS and price elasticity of supply eS. 186 















∂ ∂  
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By substituting P* and Q* into Equations 1 and 2 we can represent the intercept in terms of price 190 
elasticity of both demand: 191 
1D D D Dq e p eα = + = +  5 
and supply: 192 
1S S S Sq e p eα = − = −  6 
By substituting Equation 5 into Equation 1 we can represent demand at t0 as: 193 
, 1 1 (1 )D t0 D D Dq e e p e p= + − = + −  7 
and by substituting Equation 6 into Equation 2 we can represent supply at t0 as: 194 
14 
, 1 1 (1 )S t0 S S S S Sq e p e e p e pα= + = − + = − −  8 
With changing demand for private goods, we shift the demand curve horizontally such that a k = 195 
100% increase in future demand at time t1 is represented as (and substituting Equation 5): 196 
, * 1 1 2 (1 )
Prv
D t1 D D D D Dq kQ e p e e p e pα= + − = + + − = + −  
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Whereas for public goods, we shift the demand curve vertically such that a k  = 100% increase is 197 
represented as (and substituting Equation 5): 198 
, ( *) 1 ( 1) 1 (2 )
Pub
D t1 D D D D Dq e p kP e e p e pα= − − = + − − = + −  
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With changing supply, the supply curve shifts horizontally for both private and public goods such 199 
that a j = -100% change (i.e. a decrease) is represented as (and substituting Equation 6): 200 
, * 1 1 (1 )S t1 S S S S Sq jQ e p e e p e pα= + + = − − + = − −  11 
Finally, we quantify the impact of simultaneous changes in both supply and demand on scarcity 201 
value where the quantity supplied equals that demanded. For private goods we set , ,
Prv
D t1 S t1q q=  202 
and hence from Equations 11 and 9:  203 
(1 ) 2 (1 )S De p e p− − = + −  12 








For public goods we set ,
Pub
D,t1 S t1q q= , and from Equations 11 and 10: 205 
(1 ) 1 (2 )S De p e p− − = + −  14 












Quantity can then be solved by inserting the price solution into Equations 9 – 11. 207 
The change in price resulting from simultaneous changes in supply and demand equals the sum 208 
of the individual supply and demand effects. To tease out the impact of a change in supply on 209 
value with demand held constant we set , ,D t0 S t1q q= , and from Equations 7 and 11:  210 
1 (1 ) (1 )D Se p e p+ − = − −  16 








Then, to quantify the impact of a change in demand on value with supply held constant, for 212 
private goods we set , ,
Prv
D t1 S t0q q= , and from Equations 9 and 8: 213 
2 (1 ) 1 (1 )D Se p e p+ − = − −  18 
Rearranging, price can be solved as per Equation 17. For public goods we set ,
Pub
D,t1 S t0q q= , and 214 
from Equations 10 and 8: 215 
1 (2 ) 1 (1 )D Se p e p+ − = − −  19 










The above formulation enables us to calculate the relative change in per-unit scarcity value (i.e. 217 
price) resulting from changes in supply and demand of ecosystem services, given specified price 218 
elasticities of supply and demand. We can also tease out the individual effects of changes in 219 
supply and demand on per-unit scarcity value. 220 
2.5.2 Calculating ecosystem services value 
First, we calculate the naïve value of the physical supply of ecosystem services , ,
Naive
s k tESV , which 221 
does not consider the scarcity value effects from changing supply and demand. Most studies of 222 
16 
land-use change on ecosystem services value have been naïve assessments (e.g. Hu et al., 2013; 223 
Li et al., 2016; Li and Ding, 2017; Li et al., 2010; Liang et al., 2017; Liu et al., 2012; Song and 224 
Deng, 2017; Wu et al., 2013). Naïve value was calculated for each of the ecosystem services s in 225 
the set of nine services S (Table 2) for each land-use k in the set of seven land-use types K (Table 226 
1) as the area ak,t of each land-use k at time t,  multiplied by the per-unit value coefficient VCs,k 227 
(Table 3) for each of the three time steps {1990,2000,2010}t∈  such that:  228 
, , , ,
Naive
s k t k t s kESV a VC= ×  21 
Considering the effects of supply and demand dynamics between t0 = 1990 and 229 
{2000,2010}t1∈ , ecosystem services scarcity value was calculated by adjusting the value 230 
coefficients by the relative change in scarcity value ,s t1p∆  resulting from changes in supply and 231 
demand (i.e. Equations 13, 15, 17, and 20):  232 
, , , , , ,(1 )
Sup Dem
s k t1 k t1 s k s t1 s t1ESV a VC p p= × × + ∆ + ∆  22 
Supply-driven relative change in scarcity value ,
Sup
s t1p∆  was calculated for each ecosystem service 233 
s as the product of the proportional change in the quantity supplied ,
Sup
s t1Q∆  and the relative 234 
change in scarcity value resulting from a 100% decrease in supply ( ,
Sup
s t1P∆  from Table 8): 235 
, , ,
Sup Sup Sup
s t1 s t1 s t1p Q P∆ = ∆ ×∆  23 
However, our data included only the area of service-providing units and the value of the services 236 
produced, rather than a quantity estimate. Hence, our second-best solution was to assume that the 237 
change in supply ,
Sup
s t1Q∆  of each ecosystem service s was proportional to the change in the naïve 238 
value of the service supplied between t0 and t1:  239 




s k t1 s k t0














Demand-driven relative change in scarcity value ,
Dem
s t1p∆  was calculated as the product of the 240 
proportional change in the quantity demanded ,
Dem
s t1Q∆  and the relative change in scarcity value 241 
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resulting from a 100% increase in demand ( ,
Dem
s t1P∆  from Table 8) for each ecosystem service s: 242 
, , ,
Dem Dem Dem
s t1 s t1 s t1p Q P∆ = ∆ ×∆  25 
Change in demand ,
Dem
s t1Q∆  from t0 to t1 was then calculated as the proportional change in the 243 
willingness to pay of the GFMA population: 244 
, , , ,( ) /
Dem
s t1 s t1 s t0 s t0Q WTP WTP WTP∆ = −  26 
where willingness to pay was calculated as a function of the total population (persons) POPt, 245 
wealth measured as the real Gross Domestic Product per capita GDPt adjusted for inflation to 246 
2010 dollars (US$ cap-1), and the income elasticity of demand ɛs,t for each ecosystem service s 247 
and year t: 248 
, ,s t t t s tWTP POP GDP ε= × ×  27 
Finally, total ecosystem services scarcity value was aggregated for each time period t, over all 249 
land-use types k, and all ecosystem services s: 250 
, ,t s k t
k s
ESV ESV=∑∑  28 
2.6 Quantifying change in demand 
Total human population and GDP data for the GFMA for 1990, 2000, and 2010 was sourced 251 
from Statistics Bureau of Guangdong Province (1991-2011). To enable inter-temporal 252 
comparison of the monetary values, we used the Consumer Price Index (CPI) (Indexmundi, 253 
2015) to inflate GDP in 1990 and 2000 to real GDP in 2010 US$ (Table 4). 254 
  255 
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Table 4. Population and wealth components of demand in the GFMA in 1999, 2000 and 2010 
(Statistics Bureau of Guangdong Province, 1991-2011). GDP has been adjusted to 2010 dollars 















US$ cap-1)  
1990 6.70 6.77 40.51 16.64 2483.62 
2000 10.33 52.34 81.01 64.61 6254.47 
2010 12.17 242.26 100.00 242.26 19906.34 
 256 
We assembled data for income elasticity of demand—defined as the ratio of the percentage 257 
change in quantity demanded to the percentage change in income (Perloff, 2008)—for ecosystem 258 
services in China (Table 5). Where published income elasticity estimates directly applicable to 259 
specific ecosystem services in the GFMA were available, we used them directly. For example, 260 
the Engel Coefficient which represents the food expenditure as a proportion of total household 261 
spending was calculated from published data (Statistics Bureau of Guangdong Province, 1991-262 
2011). Otherwise, we chose comparable published income elasticity estimates from countries and 263 
time periods with similar per-capita GDP as the GFMA (Supplementary Material Table 1). Using 264 
this data plus statistics on local population and per-capita GDP (Table 4), the change in demand 265 
for ecosystem services was then calculated (Table 5). 266 
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Table 5. The income elasticity of demand and change in demand for individual ecosystem 
services in the GFMA in 1990, 2000, and 2010 (Equations 26 and 27). 
Ecosystem services  
Income elasticity of 
demand (ɛs,t) 
Change in demand 
( ,
Dem
s t1Q∆ ) 
1990 2000 2010 1990 2000 2010 
Food production  0.61 0.43 0.33 1.00 1.74 6.88 
Raw material 0.32 0.31 0.27 1.00 2.76 11.28 
Air quality 1.17 1.03 0.55 1.00 2.42 5.84 
Climate regulation 1.17 1.03 0.55 1.00 2.42 5.84 
Water supply 0.45 0.45 0.45 1.00 2.88 13.56 
Waste treatment 0.18 0.23 0.39 1.00 3.96 30.54 
Soil retention 0.30 0.30 0.30 1.00 2.88 13.56 
Biodiversity services 0.38 0.38 0.38 1.00 2.88 13.56 
Recreation and culture 1.76 1.79 1.93 1.00 2.95 14.96 
2.7 Price elasticities of supply and demand 
We specified price elasticities of supply and demand which are consistent with our conceptual 
framework as described in Section 2.1. The nine ecosystem services were classified as either 
private-good or public-good type (Table 6). Private-good ecosystem services were attributed 
inelastic demand and elastic supply, while public-good ecosystem services were the converse, 
elastic demand and inelastic supply, based on a survey of previous studies and justified by 
economic theory (Supplementary Material Table 2). We specified elasticities according to our 
best judgement as a medium value, and also included a range marked by high and low estimates 
to quantify the impact of uncertainty in price elasticities of supply and demand on ecosystem 
services value (Table 7). 
  267 
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Table 6.  Classification of the nine ecosystem services assessed in this study as either private-






Food production  Private Inelastic demand – necessity, with few substitutes. Elastic supply - can be 
inexpensively imported. 
Raw material Private Inelastic demand – necessity, with few substitutes. Elastic supply – can be 
inexpensively imported. 
Air quality Public Elastic demand – more of a luxury item. Inelastic supply – few substitutes for 
improving local air quality. 
Climate 
regulation 
Private Demand inconclusive. Elastic supply – can be substituted by energy efficiency, 
renewables etc. 
Water supply Private Inelastic demand – necessity, with few substitutes. Elastic supply – can be 
substituted by technology e.g. water treatment, rainwater harvesting. 
Waste treatment Private Inelastic demand – necessity, with few substitutes. Elastic supply – can be 
substituted by technology e.g. water and sewerage treatment. 
Soil retention Public More of a luxury item. Inelastic supply – few other opportunities for enhancement. 
Biodiversity 
services 
Public Elastic demand – more of a luxury item. Inelastic supply – few substitutes for the 
benefits from local genetic, species, and ecosystem diversity. 
Recreation and 
culture 
Public Elastic demand – a luxury item. Inelastic supply – no other local options, recreation 
opportunities available further away. 
 268 
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Table 7. Estimates of price elasticities of supply and demand for private-good and public-good 
ecosystem services. All elasticities are specified as positive numbers despite the change in 
demand decreasing with increasing supply. Notes: a.) the value of one is unitary elasticity where 
a 1% change in price results in a 1% change in supply/demand; b.) high elasticity is represented 
by numbers much greater than one, and high inelasticity is represented by numbers much smaller 
than one. 
Price elasticity  Private Goods Public Goods 
Supply Demand Supply Demand 
Low 2.0 0.8 0.7 2.1 
Medium 3.5 0.5 0.4 1.6 
High 5.0 0.2 0.1 1.1 
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2.8 Valuation and parameterization scenarios 
We analyzed six different valuation and parameterization scenarios to both quantify the 270 
individual and combined effects of changes in supply and demand on the scarcity value of 271 
ecosystem services relative to naïve valuation, and to quantify the impact of uncertainty in price 272 
elasticity estimates. First, Naïve assessment (i.e. ignoring scarcity effects of changing supply and 273 
demand) provided a baseline for comparison. Then, to assess the relative impacts of supply and 274 
demand on value, using the medium estimates for price elasticities (Table 8) we calculated 275 
ecosystem services value considering the scarcity effects of changing Supply (holding demand 276 
constant), then changing Demand (holding supply constant), then changing both Supply and 277 
Demand (Medium) simultaneously at our best estimates of price elasticities yielding medium 278 
ecosystem services values. Finally, to quantify the impact of uncertainty in our price elasticity 279 
estimates, we calculated ecosystem services value considering the scarcity effects of changing 280 
both Supply and Demand (Lowest) at price elasticity combinations yielding the lowest ecosystem 281 
services values; then changing both Supply and Demand (Highest) at price elasticity 282 
combinations yielding the highest ecosystem services values (Table 8; Figure 5). 283 
 284 
Table 8. Price elasticities of supply and demand for private-good and public-good ecosystem 
services and the resulting relative changes in scarcity value for a 100% decrease in supply ,
Sup
s t1P∆  
and a 100% increase in demand ,
Dem
s t1P∆ , calculated using Equations 13, 15, 17, and 20 for the six 
scenarios analyzed in this study. See Figure 5 for a visual illustration of the scarcity value effects 





Elasticities Relative Change in Scarcity Value 
Private-good Public-good Private-good Public-good 
















s t1P∆ ) 
1. Naive - - - - - 0.000 0.000 0.000 0.000 
2. Supply Medium M: 3.5 M: 0.5 M: 0.4 M: 1.6 0.250 0.000 0.500 0.000 
3. Demand Medium M: 3.5 M: 0.5 M: 0.4 M: 1.6 0.000 0.250 0.000 0.800 
4. Supply and Demand Lowest H: 5.0 L: 0.8 L: 0.7 H: 2.1 0.172 0.172 0.357 0.750 
5. Supply and Demand Medium M: 3.5 M: 0.5 M: 0.4 M: 1.6 0.250 0.250 0.500 0.800 




Figure 5. Supply and demand curves specified for private-good and public-good ecosystem 287 
services under combinations of price elasticity of supply and demand yielding the lowest, 288 
medium, and highest per-unit ecosystem services scarcity value (price) (Table 8). Circled 289 
numbers refer to the numbered parameterization scenarios in Table 8. [Recommended size: 1 290 
column width] 291 
  292 
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3 Results 293 
3.1 Changes in ecosystem services value  
Figure 6a shows the temporal patterns and overall trends in the value of ecosystem services 294 
supply and demand in the GFMA from 1990 to 2010. Under Naïve valuation (Scenario 1), the 295 
total value of physical supply of ecosystem services decreased from US$4.632 billion in 1990, to 296 
US$4.572 billion in 2000 (-1.3%) and US$4.430 billion in 2010 (-4.4%) (Ye et al., 2018). 297 
However, when the influence of changes in both supply and demand were considered (under 298 
medium settings [Scenario 5]), total ecosystem services scarcity value increased +137% to 299 
US$10.981 billion (US$10.090 to US$13.241 billion under lowest [Scenario 4] to highest 300 
[Scenario 6] settings, respectively) by 2000, and increased +629% to US$33.774 billion 301 
(US$29.284 to US$45.253 billion) in 2010. The influence of burgeoning demand on increasing 302 
ecosystem services scarcity value was overwhelmingly dominant, adding US$29.279 billion to 303 
the total ecosystem service value in the GFMA from 1990 to 2010 while increases in scarcity 304 
value resulting from reduced supply added just US$64.550 million (Figure 6a).   305 
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 306 
Figure 6. Ecosystem services scarcity value in the GFMA under alternative valuation scenarios 307 
in 1990, 2000, and 2010. a.) The effects of simultaneous supply and demand dynamics on 308 
scarcity value under the medium value settings (Scenario 5) including the range of uncertainty 309 
represented by the Lowest (Scenario 4) and Highest (Scenario 6) value settings. b.) Comparison 310 
of value in 1990, 2000, and 2010 under different valuation scenarios including 1. Naïve, 2. 311 
Supply, 3. Demand, and 5. Supply and Demand under the medium value settings including the 312 
contribution of individual ecosystem services. c.) Contributions of different land-uses to 313 
ecosystem services scarcity value in 1990, 2000, and 2010 under the medium value settings 314 
(Scenario 5, see panel b for legend). d.) Change in total value of individual ecosystem services 315 
over time (Scenario 5). [Recommended size: 1.5 column width] 316 
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The most valuable ecosystem services in 1990 were Water supply, Waste treatment, Biodiversity 317 
services and Climate regulation. By 2010, despite a nearly 3½-fold increase in scarcity value, 318 
water supply services fell to 5th most valuable (Figure 6b-d). Waste treatment increased in 319 
scarcity value nearly 8½-fold and remained second most valuable, while Biodiversity services 320 
increased in scarcity value more than 10-fold to become the most valuable service. Recreation 321 
and culture increased by nearly 13½ times to become the 4th most valuable service, up from 7th in 322 
1990. Soil retention increased 9-fold to rise from 5th most valuable service in 1990 to 3rd in 2010. 323 
Increasing in scarcity value over 3-fold between 1990 and 2010, Air quality retained its position 324 
as 6th most valuable service. With a +129% increase in scarcity value, Climate regulation slipped 325 
from 4th most valuable in 1990 to 7th in 2010. Food production and Raw material were the least 326 
valuable services in 1990 and maintained this position with only modest increases in scarcity 327 
value by 2010 (Figure 6b-d; Supplementary Material Table 3).  328 
From 1990 to 2010, Forestland was the main contributor to ecosystem services scarcity value 329 
among the seven land-use types in the GFMA due to its high value-coefficients and large area 330 
(Figure 6c). Despite declining in area by -16% between 2000 and 2010, the total scarcity value of 331 
the ecosystem services from Forestland increased more than 5-fold to US$15.749 billion, 332 
primarily due to steep rises in scarcity values for Biodiversity services, Soil retention, Air 333 
quality, and Recreation and culture (Figure 6c). Next most valuable was Waterbody which 334 
increased to US$15.524 billion by 2010, a more-than 9-fold increase since 1990 (mostly since 335 
2000), primarily due to steep rises in scarcity values for Waste treatment, Water supply, 336 
Recreation and culture, and Biodiversity services. After a slight decrease between 1990 and 337 
2000, Orchard more than doubled in area between 2000 and 2010, and the scarcity value of its 338 
ecosystem services increased more than 14-fold, providing similar services as Forestland. Built 339 
up land, increasing in area, displayed an increased ecosystem services cost (i.e. disservice, or 340 
negative value), particularly through negative impacts on Water supply, Waste treatment, and Air 341 
quality (Supplementary Material Table 4). 342 
Ecosystem services scarcity value differed spatially over the study area. In the north and south of 343 
the study area, scarcity value was higher mainly due to the extent of Forestland. Ecosystem 344 
services value was low in the central part of the GFMA mainly due to the expansion of Built-up 345 
land under rapid urbanization. Immediately surrounding the urban areas were areas of medium-346 
value Cropland, Waterbody, and Orchard (Figure 7). The distinction between the low and 347 
negative values associated with urban land and the increasingly valuable service providing areas, 348 
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particularly of Forestland and Waterbody provides a sharp contrast. The spatial distribution of 349 
scarcity values for individual ecosystem services is also presented in Figure 8. 350 
 351 
Figure 7. Maps of the total ecosystem services scarcity value in 1990, 2000, and 2010 in the 
GFMA considering the simultaneous influence of supply and demand, under medium value 
elasticity settings (Scenario 5). [Recommended size: 1 column width] 
27 
 352 
Figure 8. Spatial distribution of individual ecosystem service scarcity value in 1990, 2000, and 
2010 in the GFMA considering the simultaneous influence of supply and demand, under medium 
value elasticity settings (Scenario 5). [Recommended size: full-page width] 
4 Discussion 353 
We have presented a new model for quantifying the effects land-use change and associated 354 
supply and demand dynamics on ecosystem services scarcity value and applied it to the 355 
Guangzhou-Foshan Metropolitan Area in southern China—one of the most rapidly urbanizing 356 
places on Earth. Land-use change from 1990 to 2010 was dominated by large areas of Cropland 357 
and Forestland converted to Built-up and Orchard, and Cropland converted to Waterbody. Naïve 358 
valuation of the physical supply of ecosystem services (i.e. ignoring the effects of changing 359 
supply and demand on scarcity) revealed a -4.4% decline in value (Ye et al., 2018). However, 360 
over the same period, the population of the GFMA nearly doubled and individual wealth 361 
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increased around 7-fold on average. When the influence of supply and demand dynamics was 362 
considered, the total scarcity value of ecosystem services increased by +629%. The highest 363 
ecosystem services values were provided by Forestland and Waterbody. In 1990, of greatest 364 
value were the private-good type services of Water supply and Waste treatment. But, by 2010, 365 
the public-good type services of Biodiversity services, Soil retention, and Recreation and culture 366 
with few good substitutes experienced the largest increases in scarcity value and had become 367 
amongst the most valuable.  368 
Our results show that in the context of land-use change such as rapid urbanization, rising demand 369 
(particularly for public-good type ecosystem services) can lead to very large increases in scarcity 370 
value. More and more beneficiaries can simultaneously enjoy these non-rival goods and services 371 
and are prepared to spend ever larger amounts on them as their wealth grows. The non-market 372 
nature of public-good type ecosystem services means that the price-rise signals are not 373 
observable and therefore do not trigger automatic market supply adjustments in response to 374 
growing demand in the same way as they do for private goods, and services become increasingly 375 
scarce relative to growing demand. In the GFMA study area, exacerbated unmet demand for 376 
these services led to a substantial increase in their scarcity value. Our finding is also supported 377 
by recent empirical valuation of the ecosystem services provided by Central Park in New York 378 
City of at least $70 million ha-1 yr-1 (Sutton and Anderson, 2016), which provides a finite and 379 
relatively scarce supply of ecosystem services and is subject to very high demand from the urban 380 
population of over 8 million. At between $11.6 to $19.6 billion yr-1, New Jersey’s ecosystem 381 
services have also been valued highly (Liu et al., 2010) reflecting their relative scarcity. The 382 
growing relative scarcity of public-good ecosystem services has been understood conceptually at 383 
least since Krutilla (1967), but not often assessed quantitatively possibly because of lacking 384 
methods and the challenge of estimating such values absent historical price change data such as 385 
is readily available for market-traded private-good ecosystem services. We have demonstrated a 386 
generically applicable, albeit approximate approach to quantifying the response of ecosystem 387 
services scarcity value and demonstrated its utility under rapid urbanization settings with 388 
shrinking supply and growing demand. 389 
4.1 Major drivers of ecosystem services value 
The total value of ecosystem services in the context of land-use change depends on the amount 390 
physically supplied and the complex interaction of relative changes in supply and demand and 391 
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the effect on per-unit scarcity value. The strength of these effects for private goods is visible in 392 
market transactions as a price change; but for public goods the effects are implicit, unobserved, 393 
and not reflected in a market price. We found that changing demand—quantified as a function of 394 
the number of beneficiaries, their relative wealth, and their increasing marginal propensity to 395 
spend on ecosystem services—had a very strong influence on ecosystem services scarcity value. 396 
Between 1990 and 2010, the GFMA had nearly twice the number of people, each of which was 397 
about seven times richer. With higher income comes a greater likelihood of expenditure on 398 
ecosystem services, particularly luxury-type services (Rai et al., 2015; Wolff et al., 2015), which 399 
we considered via an income elasticity of demand. While the value of physical supply of 400 
ecosystem services fell -4.4% by 2010, the impacts of changing supply and demand increased the 401 
scarcity value of these services by 662.4% The burgeoning demand under rapid urbanization 402 
accounted for +660.9% of this increase, whereas reduced supply driven by the encroachment of 403 
urban land-use into high service-producing forestland and cropland accounted for just 1.5%. 404 
The value of private-good versus public-good ecosystem services responded differently to 405 
complex interplay of changes in supply and demand in the GFMA. Largest increases in value 406 
were experienced by public-good ecosystem services, particularly Recreation and culture 407 
(+1,349%), Biodiversity services (+1,051%), and Soil retention (+900%). This resulted from a 408 
combination of factors including inelastic supply and the inability to substitute these services 409 
with those from distant natural capital or technological intervention, in combination with a 410 
demand curve that was both price-elastic and vertically aggregating. Hence, additional demand 411 
and reduced supply resulted in a more responsive increase in per-unit scarcity value. The scarcity 412 
value of the private-good service Waste treatment also increased greatly (+844%), but the strong 413 
increase in physical supply resulting from a +43% increase in the area of Waterbody contributed 414 
significantly to this increase. 415 
4.2 Interpretation and implications for sustainable cities 
Taking ecosystem services value into consideration is vital for enhancing land-use in strategic 416 
resource planning, and sustainable management in urban areas (Wolff et al., 2015). We found 417 
that rapid urbanization and parallel processes of socio-economic development greatly increases 418 
ecosystem services scarcity value. A potential perverse interpretation of our results could be 419 
along the lines that to increase the value of ecosystem services to the economy we should 420 
continue to increase demand via growing the population and developing the economy, and 421 
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reduce supply by destroying more and more natural capital. However, market failure means that 422 
the scarcity value, particularly of public-good ecosystem services, is not reflected in markets nor 423 
in metrics of economic development. A more meaningful interpretation consistent with scarcity 424 
theory is the eloquently drawn conclusion by Krutilla (1967): 425 
If we consider the asymmetric implications of technology, we can conceive of a transformation function 
having along its vertical axis amenities derived directly from association with the natural environment and 
fabricated goods along the horizontal axis. Advances in technology would stretch the transformation 
function's terminus along the horizontal axis but not appreciably along the vertical. Accordingly, if we 
simply take the effect of technological progress over time, considering tastes as constant, the marginal 
trade-off between manufactured and natural amenities will progressively favor the latter. Natural 
environments will represent irreplaceable assets of appreciating value with the passage of time. If we 
consider technology as constant, but consider a change in tastes progressively favoring amenities of the 
natural environment due to the learn-by-doing phenomenon, natural environments will similarly for this 
reason represent assets of appreciating value. If both influences are operative (changes in technology with 
asymmetric implications, and tastes), the appreciating value of natural environments will be compounded. 
The fact that the ecosystem services provided by local ecosystems become far more valuable and 426 
important to people via their relative scarcity underscores the significance that must be placed 427 
upon the sustainable provision of these services in planning for rapidly urbanizing areas. These 428 
results could change the very objective of urban planning and management with respect to 429 
ecosystem services and human wellbeing from one of reducing loss to increasing the diversity 430 
and value following rapid urbanization (De Groot et al., 2010; Naidoo et al., 2008). This 431 
indicates the need to focus more on sustainable development and ecological protection in the 432 
GFMA in planning for land-use change to reinforce supply, promote synergies, and mitigate 433 
trade-offs between ecosystem services (Palacios-Agundez et al., 2015), and to maintain a balance 434 
between socio-economic development and the provision of ecosystem services to local urban 435 
populations. 436 
An increase in scarcity value should by no means be taken as an indicator of the sustainability of 437 
ecosystem services supply. Quite the opposite in fact. Increased scarcity value indicates reduced 438 
supply and increased demand, neither of which are sustainable in the long-term. The absolute (-439 
4.4%) decrease found in the value of physical supply of ecosystem service indicates a declining 440 
trend in land-use sustainability and provision of ecosystem services. Planning needs to ensure 441 
that the physical supply of ecosystem services is sustainable in rapidly urbanizing areas as 442 
indicated by a non-decreasing trend over time. This needs to be reflected in planning regulations 443 
and targets under the strong sustainability paradigm where provision of these services cannot be 444 
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substituted. In addition, given the increasing urban population, wealth, and propensity to spend 445 
on experiences with nature in the GFMA, it is projected that an increasing demand for public-446 
good ecosystem services (e.g. recreation) will place increasingly heavy pressure on natural and 447 
semi-natural ecosystems. Congestion needs to be carefully managed to avoid reductions in 448 
amenity, benefits, well-being, and value of ecosystem services resulting from burgeoning 449 
demand. 450 
It is a challenge for the Chinese and other governments to incorporate the phenomenon of 451 
skyrocketing ecosystem services scarcity value into urban sustainability policy (Güneralp et al., 452 
2015). There is a need for government agencies to increase their capacity for planning and 453 
managing land resources by employing people skilled and qualified in assessing ecosystem 454 
services value. Consideration of ecosystem services value should be mandated in laws and 455 
regulations as has been done elsewhere (Bateman et al., 2013; Schaefer et al., 2015). More 456 
accurate methods for assessing and projecting the impacts of development on ecosystem services 457 
scarcity value, especially on non-market public-good ecosystem services, are required. This 458 
increased human capacity and institutional reform will be beneficial for planning and decision-459 
making at multiple levels of government. Given the significant and increasingly valued and 460 
scarce ecosystem services, urban planning should redouble its focus on reducing urban sprawl 461 
and conversion of service-providing land-use such as Forestland and Cropland. The restoration 462 
of degraded ecosystems and the engineering of new high-value ecosystems such as Waterbody 463 
should be prioritized in strategic locations as they have been in the GFMA. Urban expansion 464 
should be targeted for areas which incur the least cost in terms of foregone ecosystem services. 465 
Planning and land-use regulations (e.g. land zoning, natural area protection) could be specified 466 
which give effect to the above principles within existing institutions in China (Fan et al., 2012). 467 
Policy incentives could also be implemented where developers incur the full cost of future 468 
ecosystem services foregone in newly urbanized areas and this should be used to fund the 469 
restoration of degraded ecosystems such as Forestland and Waterbody.    470 
4.3 Innovation 
Although many studies have quantified and valued the impact of rapid urbanization on 471 
ecosystem services, particularly in the Chinese scientific literature, most have been naïve 472 
assessments of changes in the value of physical supply (Li et al., 2010; Liu et al., 2012; Long et 473 
al., 2014). Despite the overwhelming effects of changes in demand on ecosystem services 474 
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scarcity value in the context of rapid urbanization, few studies have considered beneficiaries and 475 
unmet demand in assessing how populations value the impacts of land-use change and 476 
increasingly scarce ecosystem services (Batabyal et al., 2003). The consideration of beneficiaries 477 
and demand for ecosystem services has only recently been introduced into the science of 478 
mapping ecosystem services (Burkhard et al., 2012; Haase et al., 2014; Wolff et al., 2015). To 479 
capture the effect of beneficiaries and demand, we introduced the influence of changes in 480 
population, wealth, and income elasticity of demand, together reflecting the willingness-to-pay 481 
for ecosystem services. We also introduced for the first time the influence of simultaneous 482 
changes in supply and demand on per-unit scarcity value ecosystem services valuation via a 483 
series of price elasticities, distinguished for two broad classes of ecosystem services depending 484 
on whether their excludability and rivalness were more typical of private or public goods. Our 485 
approach provides a way to assess how the scarcity value of unmet demand for public-good 486 
ecosystem services increases with shrinking supply and growing demand. It has broad 487 
applicability to valuing the impacts of land-use, environmental, and socio-economic change such 488 
as land degradation (Sutton et al., 2016), depopulation and changes in land-use intensity (Kroll et 489 
al., 2012), large-scale landscape restoration (Bryan et al., 2014; Chen et al., 2015), and future 490 
land-use scenarios (Bryan et al., 2015). 491 
4.4 Limitations and further work 
In a sense the approach applied here is a form of coefficient transfer in some ways akin to 492 
benefits transfer of non-market values. Implicit in the approach is an assumption that elasticities 493 
taken from other settings a reasonable proxy for are how, within our study area, prices change 494 
with the amount of ecosystem services supplied, and how people’s willingness-to-pay changes 495 
with changing prices and incomes. One major limitation with this approach is the classification 496 
of ecosystem services and the attribution of price elasticities of demand. Very little information 497 
exists that is readily adaptable to quantifying the price elasticities of demand for ecosystem 498 
services, and this is made all the more difficult because the per-unit value of many services is not 499 
expressed in markets. We distinguished ecosystem services according to whether they were more 500 
characteristic of public goods or private goods. Other studies have used other classification 501 
strategies including location-dependence (Zank et al., 2016) and the nature of demand and 502 
service flows (Wolff et al., 2017; Wolff et al., 2015). Our classification scheme was fairly simple, 503 
capturing only the major characteristics of ecosystem services and how changes in supply and 504 
demand might influence their per-unit scarcity value.  505 
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Additional limitations of the approach are that it is at coarse spatial granularity, accounting only 506 
for broad changes in land-use. Variation in ecosystem service provision driven by spatial 507 
heterogeneity in land quality or degradation (Sutton et al., 2016) within a land-use class has not 508 
been considered. As presented here, the approach also cannot account for congestion effects. All 509 
of these limitations can be and have been addressed to various degrees by previous studies 510 
typically, however, only for case studies at limited spatial and temporal scale where fine 511 
granularity spatio-temporal data relating to changes in supply and demand for ecosystem services 512 
are available. In a sense the strength of the method—its generic applicability with limited and 513 
coarse data—is also its weakness in this regard. Further research is required to develop a more 514 
detailed and generalizable classification system for supporting the quantification of land-use 515 
change on ecosystem services value via the scarcity value effect of changes in supply and 516 
demand. This needs to be supported by detailed and systematic review and new studies dedicated 517 
to the quantification of price elasticities of demand. 518 
5 Conclusion 519 
Valuations of the impact of land-use change on ecosystem services have typically considered 520 
changes in physical supply only, yet value is affected by changes in both supply and demand via 521 
their impact on relative scarcity. For ecosystem services more characteristic of private-goods, 522 
this scarcity value is typically reflected by changes in market price. But public-good type 523 
ecosystem services not traded in markets, this is reflected by unmet demand. We have presented 524 
an innovative model which enables the calculation of changes in ecosystem services scarcity 525 
value under land-use change, inclusive of the price effects of supply and demand dynamics for 526 
public goods. In the rapidly urbanizing Guangzhou-Foshan Metropolitan Area in southern China, 527 
the rush to the cities has resulted in the widespread conversion of cropland, forestland and other 528 
service-producing land to urban development. Small decreases in the value of physical supply of 529 
ecosystem services occurred between 1990 and 2010. However, when the price effects of 530 
changes in both supply and demand were considered, large increases in ecosystem services 531 
scarcity value were found due largely to burgeoning demand driven by increases in population 532 
and their ability and willingness to pay. In particular, the scarcity value of public-good ecosystem 533 
services increased substantially due to the lack of substitutes and burgeoning unmet demand. A 534 
key conclusion is that under rapid urbanization, demand changes could be orders of magnitude 535 
more important as determinants of growth in ecosystem services scarcity value, than would be 536 
34 
assumed based on the supply-driven modest changes found in previous studies. While this value 537 
is largely not reflected in markets or the broader economy, this has important implications for 538 
planning for the sustainability of ecosystem services and the wellbeing of urban populations in a 539 
rapidly urbanizing world, especially around the need for policy intervention to ensure public 540 
welfare through enhanced supply of public-good ecosystem services where markets fail. The 541 
methods are generally applicable to other cities and contexts experiencing change in both supply 542 
and demand of ecosystem services.  543 
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